Pancreatic cancer is characterized by aggressive and highly metastatic phenotypes. This disease exhibits a poor patient prognosis and is considered a challenge due to the limited treatment options encountered in clinical practice. Previous studies have shown that ruscogenin, a saponin found in the root of Ophiopogon japonicus, exerts a wide range of biological functions including anticancer activity. In the present study, the effects of ruscogenin were investigated on pancreatic cancer cells and the potential molecular mechanism of this compound was explored. Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cell death was measured by trypan blue staining and by flow cytometry. The number of iron oxide nanoparticles was measured using Prussian blue staining. Reactive oxygen species (ROS) production was assessed using flow cytometry with dihydroethidium staining. Protein expression of the associated genes was assayed by western blotting. Furthermore, in vivo experiments were conducted to confirm the antitumor effects and assay the potential toxicity of ruscogenin in a nude mouse xenograft model. The results indicated that ruscogenin significantly repressed cell viability and induced cell death of pancreatic cancer cells in vitro in a dose-and time-dependent manner. Furthermore, ruscogenin increased the concentration of intracellular ferrous irons and the production of ROS. This effect was inhibited by deferoxamine (DFO). Ruscogenin induced ferroptosis by regulating the levels of transferrin and ferroportin. These two proteins were involved in ruscogenin-induced pancreatic cancer cell death. Finally, in vivo experiments demonstrated the antitumor effect of ruscogenin on pancreatic cancer xenografts in the absence of apparent toxicity. Taken collectively, the data demonstrated that ruscogenin exhibited anticancer effects in pancreatic cancer cells by inducing ferroptosis. The findings suggested that this compound may be further developed as a promising anticancer candidate for the treatment of pancreatic cancer.
Introduction
Pancreatic cancer is considered one of the most aggressive malignancies worldwide. It is also considered one of the main causes of cancer-associated deaths (1, 2) . In the past decade, considerable progress has been made in the understanding of the pathogenesis of pancreatic cancer as well as in the treatment strategies that can lead to successful therapy. Despite these efforts, the morbidity caused by pancreatic cancer is increasing (3) . The overall 5-year survival rate was estimated to be less than 10%, whereas the median survival rate was only 6 months (4, 5) . This poor prognosis is attributed to the high potential of extreme invasion and distant metastasis of pancreatic cancer cells (6, 7) . Moreover, it is supported by the fact that more that 80% pancreatic cancer patients have already lost the opportunity for surgical resection at diagnosis (6, 7) . Therefore, the identification of novel effective therapeutic agents for pancreatic cancer will be clinically valuable.
Increasing evidence has suggested that traditional Chinese medicine (TCM) herbs indicate significant antitumor effects when used alone or combined with other therapeutic measures (8, 9) . Furthermore, TCM herbs represent an effective and safe therapeutic approach for several types of human cancers compared with modern medical treatments (10) . Ruscogenin [(1β,3β,25R)-Spirost-5-ene-1,3-diol] was initially extracted from Ruscus aculeatus and is a main component of Radix Ophiopogon japonicas (11) . The effects of this compound on the treatment of chronic and acute inflammation as well as on the prevention of cardiovascular diseases has been well documented (12, 13) . Hua et al reported that ruscogenin inhibited hepatocellular carcinoma metastasis via the PI3K/Akt/mTOR signaling pathway (11) . Therefore, ruscogenin is considered a potential medicine for human cancer treatment. However, its anticancer effects and molecular mechanism with regard to pancreatic cancer have not been fully characterized.
In the present study, ruscogenin suppressed pancreatic cancer cell viability both in vitro and in vivo. In addition, the concentration of iron and the ROS levels regulated pancreatic cancer cell death. Ruscogenin affected the expression of iron regulatory proteins, which in turn regulated ruscogenin-induced cell death. Taken collectively, the data demonstrated that ruscogenin inhibited cell proliferation and induced ferroptosis in pancreatic cancer cells. The results provided valuable information for the development of novel drugs as well as novel therapeutic strategies against human pancreatic cancer.
Materials and methods
Cell culture. A total of 4 human pancreatic cancer cell lines (BxPC-3, SW1990, PANC-1, and AsPC-1) and one normal human pancreatic duct epithelial cell line (HPDE6-C7) were purchased from the ATCC (American Type Culture Collection). All cells were maintained in DMEM containing 10% FBS and placed in a humidified incubator at 37˚C with 5% CO 2 .
Cell viability analysis. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to evaluate the cytotoxic effect of ruscogenin. The cells were seeded in 96-well plates (3x10 3 cells/well), cultured for 24 h and treated with ruscogenin (0.001-100 µM). At the end of the incubation period, the cells were incubated with 1 mg/ml MTT solution. Three hours later, the absorbance was measured at 450 nm and the data were assessed using an ELX-800 spectrometer reader (Bio-Tek Instruments).
Cell death analysis. Cell death was detected with trypan blue staining and by flow cytometry as described previously (14, 15) .
Prussian blue staining. The number of iron oxide nanoparticles was evaluated using Prussian blue staining. Briefly, 4% paraformaldehyde was used to fix the cells and they were subsequently washed with PBS. The cells were incubated with Prussian blue and rewashed with PBS. Finally, a light microscope was used to evaluate intracellular iron oxide distribution.
ROS generation assay. Flow cytometry with DHE (dihydroethidium) was conducted to measure ROS levels. The cells were collected, stained with DHE and incubated in the dark at 37̊C for 20 min. Finally, the Cell Quest software (BD Biosciences) was used to analyze the cell population of each sample in a flow cytometer.
Western blot analysis. The following primary antibodies were used: Anti-transferrin (cat. no. ab9538), anti-transferrin receptor (cat. no. ab1086), anti-SLC40A1 (cat. no. ab85370), anti-DMT1 (cat. no. ab55735), anti-ferritin (cat. no. ab75973) and β-actin (cat. no. ab8227) (purchased from Abcam). The proteins were separated and transferred to Hybond membranes (Amersham). Then, membranes were blocked using 5% fat-free milk. Subsequently, the membranes were blocked using 5% fat-free milk. The membranes were incubated with primary antibodies overnight at 4̊C and the following day secondary antibodies were added for 1 h at room temperature. Finally, the proteins were visualized using an enhanced chemiluminescence system and following X-ray film exposure.
Transfection of shRNA or plasmid. The shRNA transfection was performed as described in our previously studies (16) . The negative control (sh-NC) and transferrin (sh-transferrin) shRNA sequences, and negative control (vector) and ferropotin plasmids were designed and synthesized by Shanghai Gene Chemical Technology Co., Ltd. (Shanghai, China). The RNAs were introduced to cells at a final concentration of 50 nM. Transfections were performed using the Lipofectamine 3000 kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Cells in the logarithmic growth phase were cultured with lentiviral vector solution for 6 h prior to the addition of lentiviral vectors, and incubated for a further 6 h. At 36 h following infection, cells that exhibited stable transferin knockdown or feroportin overexpression were positively selected using hygromycin B.
Xenograft tumors in nude mice. All the in vivo experiments were approved by the Research Ethics Committee of the First Affiliated Hospital of the Nanchang University and conducted according to the Guide for the Animal Care and Use Committee of the Nanchang University. A total of 15 six-week-old female BALB/c nude mice (25.2-25.9 g) were purchased from SLAC Animal Laboratories and housed in a specific pathogen-free environment (12-h light/dark cycle at 25˚C and 60% relative humidity; the mice were provided with food and water ad libitum in the animal research center of Nanchang University). Approximately 1x10 6 BxPC-3 cells were subcutaneously implanted into the right flank of the nude mice. The tumors were allowed to grow to approximately 120 mm 3 in size and a total of 15 tumor-bearing mice were divided randomly into 3 groups (n=5 per group). Group 1 was injected with 0.1 ml PBS as control; group 2 and 3 received 5 and 10 mg/kg ruscogenin, respectively twice per week. The tumor volume and animal body weight were assessed every 4 days. Finally, the mice were sacrificed by CO 2 asphyxiation and the kidney and liver tissues were collected for toxicity analysis.
Statistical analysis. All data are presented as mean ± SD. An independent samples Student's t-test was used for direct comparisons between two groups, and an F-test and one-way analysis of variance (ANOVA) followed by the Tukey-Kramer test was used for multigroup comparisons. A P-value less than 0.05 (P<0.05) was considered for significant differences.
Results

Ruscogenin inhibits cell viability and induces cell death in pancreatic cancer.
To determine the toxic effects of ruscogenin on pancreatic cancer cells, MTT assay was utilized to investigate changes in ruscogenin-induced cell viability in the control cells (HPDE6-C7) and in pancreatic cancer cells (BxPC-3, SW1990, PANC-1, and ASPC-1). The cell viability of BxPC-3, SW1990, PANC-1 and ASPC-1 cells was significantly decreased by ruscogenin in a concentration-and time-dependent manner compared with that noted in HPDE6-C7 cells ( Fig. 1A-E) . Analysis of the cell viability data derived from BxPC-3, SW1990, PANC-1 and ASPC-1 cells treated with ruscogenin demonstrated that the IC 50 values noted for ruscogenin treatment of BxPC-3, SW1990, PANC-1 and ASPC-1 cells for 48 h were 7.32, 8.14, 37.62 and 28.19 µmol/l, respectively. Therefore, 7 µmol/l was used as the optimal IC 50 value of ruscogenin for BxPC-3 and SW1990 cells in the following studies. In addition, trypan blue staining assay further demonstrated that ruscogenin induced pancreatic cancer cell death in a concentration-dependent manner (Fig. 1F) . Therefore, these results indicated that ruscogenin impaired pancreatic cancer cell viability and triggered pancreatic cancer cell death.
Iron regulates ruscogenin-induced pancreatic cancer cell death. The concentration of intracellular ferrous iron was estimated to determine whether ruscogenin induced ferroptosis in pancreatic cancer cells. Ruscogenin induced the release of intracellular ferrous iron in a dose-and time-dependent manner ( Fig. 2A) . To further elucidate the significance of iron increase, the cells were pretreated with 500 µmol/l of the iron chelator deferoxamine (DFO) for 1 h prior to incubation with ruscogenin. The results indicated that DFO apparently repressed ruscogenin-induced increase of intracellular ferrous iron (Fig. 2B ). In addition, the results of the lactate dehydrogenase (LDH) release assay demonstrated that pancreatic cancer cell death induced by ruscogenin was significantly impaired in the presence of DFO (Fig. 2C) . In contrast to DFO, pretreatment of the cells with ferric ammonium citrate (FAC) (500 µmol/l) caused a significant increase in the levels of pancreatic cancer cell death induced by ruscogenin (Fig. 2D) . The data demonstrated that ruscogenin triggered pancreatic cancer cell death by increasing intracellular iron concentration. 
ROS regulate ruscogenin-induced pancreatic cancer cell death.
Various studies have shown that the cytotoxicity of ferroptosis is dependent on ROS levels (15, 17) . The ROS levels produced were measured and the results indicated that they were increased following ruscogenin treatment in the BxPC-3 ( Fig. 3A ) and SW1990 cells (Fig. 3B ). Moreover, DFO apparently repressed ruscogenin-induced ROS generation ( Fig. 3C and D) .
Iron regulatory protein expression in BxPC-3 and SW1990 cells.
It is well known that transferrin and ferroportin actively regulate cellular iron levels by transporting iron into and out of the cells, respectively (18, 19) . Western blot analysis was used to explore whether ruscogenin affects the expression of these two key iron regulatory proteins. The results indicated that transferrin expression was significantly upregulated, while ferroportin expression was significantly reduced following ruscogenin treatment (Fig. 4) . Moreover, the expression levels of the transferrin receptor, DMT1 and of the protein ferritin did not change significantly following ruscogenin treatment (Fig. 4) , which further proved that the effects of ruscogenin treatment on transferrin and ferroportin expression were not caused by the general change in the expression levels of the iron transport regulatory proteins. Taken collectively, the results indicated that ruscogenin treatment affected iron transport in the cells and further caused pancreatic cancer cell death via ferroptosis.
Transferrin and ferroportin exert an effect on ruscogenin-induced cell death. The effect of transferrin expression on ruscogenin-induced pancreatic cancer cell death was further explored. As shown in Fig. 5A , expression of transferrin was knocked down, and it was found that transferrin knockdown decreased ruscogenin-induced pancreatic cancer cell death (Fig. 5B ). In addition, ferroportin was overexpressed ( Fig. 6A ) and the data indicated that its overexpression blocked ruscogenin-induced cell death (Fig. 6B) . These results demonstrated that transferrin and ferroportin are involved in ruscogenin-induced pancreatic cancer cell death.
Ruscogenin inhibits pancreatic cancer growth in vivo.
Finally, BxPC-3 human pancreatic cancer xenografts were established to investigate the anticancer effects of ruscogenin in vivo. Treatment of the animals with 5 and 10 mg/kg ruscogenin indicated significant antitumor effects with regard to xenograft growth ( Fig. 7A and B) . It is important to note that ruscogenin treatment was well tolerated without significant weight loss compared with the corresponding effects noted in the control group (Fig. 7C) . Moreover, the levels of alanine aminotransferase and aspartate aminotransferase enzymes (Fig. 7D) were not increased following ruscogenin treatment indicating no apparent organ injury. The results of the histopathological analysis further demonstrated no evidence of toxicity in normal tissues (Fig. 7E) . 
Discussion
Recently, emerging evidence suggests that traditional Chinese medicine (TCM) herbs exert antitumor effects on pancreatic cancer. For instance, triptonid inhibits pancreatic cancer cell vasculogenic mimicry via suppressing the expression of VE-cadherin and chemokine ligand 2 (20) . Emodin, derivative from Rheum officinale Baill, was found to inhibit pancreatic cancer growth in mice by inhibiting the activation of Akt (21) . Ruscogenin was found to exhibit antitumor function in hepatocellular carcinoma, but the biological effect and potential mechanism in pancreatic cancer remain unknown.
In the prsent study, we found that ruscogenin markedly inhibited the viabilities of pancreatic cancer cells both in vitro and in vivo. The following in vitro studies further revealed that ruscogenin induced pancreatic cancer cells death and abnormal increases in intracellular ferrous iron and also increased the levels of ROS. Furthermore, ruscogenin-induced cell death was inhibited by iron chelator deferoxamine (DFO) but exacerbated by ferric ammonium citrate (FAC) (500 µmol/l). In addition, the increased intracellular ferrous iron caused by ruscogenin was also significantly inhibited by DFO. Moreover, we further confirmed that ruscogenin increased intracellular iron by upregulating the expression of transferrin and downregulating the expression of ferroportin, and transferrin and ferroportin played vital roles in ruscogenin-induced pancreatic cancer cell death. All these results demonstrated that ruscogenin inhibited the cell viability of pancreatic cancer cells through regulation of the iron transport in cells and induced pancreatic cancer cell death through ferroptosis.
Ferroptosis is a newly established type of cell death. It is biochemically, morphologically and genetically distinct from other types if apoptotic and non-apoptotic death (17, (22) (23) (24) . Ferroptosis is characterized by iron-dependent ROS accumulation and the requirement for ROS accumulation is universal. Ferroptosis is involved in a wide range of pathological processes, such as ischemia/reperfusion injury, acute renal failure and neurodegeneration and is also triggered in cancer cells (25, 26) . Cancer cells, including pancreatic cancer cells, are heavily dependent on iron for their uncontrolled proliferation since iron is needed for DNA synthesis. Several studies have reported that certain chemical compounds can kill cancer cells through induction of ferroptosis, and also can overcome the resistance of cancer cells to chemotherapeutic drugs (27, 28) . Thus, induction of ferroptosis is becoming a promising method to manage human cancer.
Intracellular ferrous iron is maintained by the balance between iron uptake, storage and export, which is regulated by several key proteins, including transferrin and ferroportin (29) . Transferrin receptor 1, located at the cell membrane, regulates most of the cellular iron uptake by internalizing the transferrin-iron complex via receptor-mediated endocytosis and finally releasing iron into the cytosol (26) . Ferroportin, located at the cell plasma membrane, is an important iron transporter and also a crucial mediator of recycling iron according to cellular need by releasing Fe 2+ from cells (30) . Ferroportin knockdown reduces intracellular ferrous iron resulting in decreased iron absorption, but also in reduction of iron cycling (15) . If the balance between iron uptake, storage and export is disturbed, abnormal intracellular ferrous is regarded as the initiation of ferroptosis. One limitation of our study should be acknowledged when interpreting the results and that is the lack of a positive control. The use of a positive control such as sorafenib can further confirm the effect of ruscogenin (31) .
Collectively, we demonstrated in our study that ruscogenin exerts anticancer function in pancreatic cancer cells by inducing ferroptosis. Ruscogenin improved ROS generation and increased intracellular iron by regulating transferrin and ferroportin. Our results provided a novel regulatory mechanism for ferroptosis which involved mediating iron transport in pancreatic cancer cells. Identification of ferroptotic cell death may promote the development of novel therapeutic approaches for pancreatic cancer. This study also highlight ruscogenin as a promising therapeutic drug for pancreatic cancer. 
